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The counter-intuitive phenomenon of pressure-induced softening in materials is likely to be caused
by the same dynamical behaviour that produces negative thermal expansion. Through a combination
of molecular dynamics simulation on an idealised model and neutron diffraction at variable tem-
perature and pressure, we show the existence of extraordinary and unprecedented pressure-induced
softening in the negative thermal expansion material scandium fluoride, ScF3. The pressure deriva-
tive of the bulk modulus B, B′ = (∂B/∂P )P=0, reaches values as low as −220± 30 at 50 K, and is
constant at −50 between 150 and 250 K.
Just over twenty years ago a seminal paper on negative
thermal expansion in ZrW2O8 [1] marked the beginning
of a new area in materials chemistry and physics that has
led to the discovery of many materials whose phonon be-
havior gives rise to highly anomalous physical properties.
Since then we have seen not only many more materials
showing negative thermal expansion, but also increases in
the the size of expansivities [2–4]. For example, around
ten years ago, record positive and negative expansivi-
ties were reported in the network material Ag3Co(CN)6
[5]. Other counter-intuitive properties related to atomic
structure include negative linear compressibility [6] and
negative Poisson’s ratio [7]. More recently we have identi-
fied a new negative structural property, pressure-induced
softening, in which the material becomes softer (less stiff)
under pressure [8–11]. In this Letter we report a new in-
stance of this property with an extremely large, indeed
unprecedented, negative size of the associated coefficient.
Negative thermal expansion is counter-intuitive be-
cause any individual chemical bond always shows posi-
tive thermal expansion: it is harder to push two atoms
together from the equilibrium distance than it is to pull
them apart. Experimentally, negative thermal expansion
has been observed in a number of materials, including
the title material ScF3 [12–17]. The asymmetry in the
distance-dependence of the bond potential means that at
high temperature the vibration of the bond involves the
bond stretching more than compressing, leading to an
increase in the average separation, as illustrated in Fig-
ure 1(a). This positive thermal expansion of the chemi-
cal bond usually leads to positive thermal expansion of
the whole crystal. One common reason for negative ther-
mal expansion of a crystal is called the “tension effect”,
which is illustrated in Figure 1(b). Transverse motion of
an atom strongly-bonded to two neighbours on opposite
sides will pull their mean positions inward, thereby re-
ducing the average separation. This effect increases with
temperature, leading to a negative expansivity, even with
positive expansivities of the bonds. For a material such
as the subject of this paper, ScF3, the transverse atomic
motions associated with the tension effect are seen in
the atomic displacement parameters, as shown in Figure
1(c). We recently quantified this using neutron scattering
methods [18].
Pressure-induced softening is also counter-intuitive, for
similar reasons. The asymmetry of the potential energy
of the chemical bond means that the more a bond is
compressed, the harder it is to compress further, and the
more the bond is stretched the easier it is to stretch it
further. Thus we expect any material to become stiffer
as it is compressed. An familiar example is the snowball;
it is soft when first formed, but then compression in the
hand turns it into a hard sphere. However, in 1998 it was
observed that amorphous silica shows the opposite be-
haviour over the pressure range 0–1.5 GPa [19]. It is as
if the snowball gets softer the more we squash it! Resis-
tance to compression is quantified by the bulk modulus,
B = −V ∂P/∂V ; its pressure dependence, B′ = ∂B/∂P ,
is our quantity of interest here. A negative value of B′
indicates pressure-induced softening [8–11]. We previ-
ously reproduced the experimental negative value of B′
in amorphous silica [19] using molecular dynamics simu-
lations [20], and showed that the effect is strongly corre-
lated with the same sort of structural fluctuations that
give rise to negative thermal expansion.
Perhaps the best-known example of pressure-induced
softening – which has attracted continued scientific in-
terest precisely because of its rarity – is the minimum
in the bulk modulus of cerium metal coinciding with the
“volume collapse” at the transition from the γ to the α
phase [21–25]. This phase transition is driven by the elec-
tronic rather than the phonon structure, although the ex-
act mechanism is still debated. The associated pressure-
induced softening is characteristic of “pseudocritical” be-
havior above a structural phase transition [26]. In theory,
such behaviour can be described in terms of the specific
heat critical exponent α, with B ∼ (Pc −P )α and there-
fore B′ ∼ −αB/(Pc−P ), diverging to negative infinity at
2FIG. 1: (a) Representation of the potential energy of a
bond between two atoms as a function of separation r:
the mean separation increases with temperature. (b)
Illustration of the tension effect: transverse motions of
an atom connected to two other atoms will pull the
neighbouring atoms together if the motions do not
stretch the bonds. (c) Crystal structure of ScF3 showing
transverse motions of the F atoms by representing the
atoms as ellipsoids whose major axes reflect the thermal
motion. (d) Top: a perfect alignment of atomic
octahedra as in ScF3. In this arrangement compression
(stretching) along the horizontal axis involves
compression (stretching) of the bonds. Bottom: an
elevated-temperature configuration where the thermal
motion has rotated the octahedra. Compression or
stretching now involve rotations of the bonds.
the critical pressure Pc. In practice, however, this cannot
be used to achieve arbitrarily low B′: typically, a first-
order phase transition occurs at a spinodal point well
before this pressure [26]. Furthermore, B′ values typi-
cally increase rapidly away from the critical point. At
the critical point of Ce, where the bulk modulus indeed
drops to zero, B′ ≈ −58, but this increases rapidly as the
temperature and pressure are changed, and in particular
approaches zero at ambient pressure [25].
A simple explanation for a vibrational, rather than
electronic, origin of pressure-induced softening is pre-
sented in Figure 1(d), which shows two linear arrange-
ments of octahedra. In the case of perfect alignment, com-
pression or stretching of the system involves compressing
or stretching the bonds between atoms. If these bonds
are strong – which they usually are – the elastic mod-
ulus is large. At a raised temperature, thermal atomic
motion involves crumpling of the the arrangement. In
this case, compression is made easier because it can now
be achieved by further rotations of the bonds, requir-
ing much less force in general than compressing bonds.
This point has been discussed elsewhere in the context
of the Rigid Unit Mode model [27, 28], a set of ideas
related to how the flexibility of the network of corner-
shared structural polyhedra (such as SiO4 tetrahedra in
silicates, TiO6 octahedra in perovskites, and ScF6 oc-
tahedra in the title material) impacts on the nature of
the lattice vibrations and thence on behaviour such as
phase transitions [28, 29] and negative thermal expan-
sion [30]. With large rotations, the projection of the lon-
gitudinal compressional force resolves more onto causing
octahedral rotations than onto compression of individual
bonds. Larger external pressure then causes even larger
rotations, and the material becomes even softer. This is
pressure-induced softening. Equivalently, we can consider
stretching the crumpled chain: expansion first reduces the
degree of rotation, until it reaches the point where fur-
ther stretching of the system can only be accommodated
by stretching the bonds, so that the system becomes elas-
tically stiffer on stretching.
Pressure-induced softening has been observed in
two materials that show negative thermal expansion,
ZrW2O8 [31] and Zn(CN)2 [32]. We previously simulated
pressure-induced softening in Zn(CN)2 by the molecu-
lar dynamics method [8], reproducing the experimental
result. We also predicted a particular temperature de-
pendence of B′, which we subsequently confirmed exper-
imentally [9]. Using an analytical model we showed that
pressure-induced softening may be inevitable – rather
than merely possible – in materials that show negative
thermal expansion [10], and in a simulation of several
zeolites we showed that this prediction is reasonable [11].
As we previously noted, ScF3 has attracted a lot of in-
terest for its negative thermal expansion [16, 18, 33–40].
The crystal structure is shown in Figure 1(c); it is so ir-
reducibly simple that it is effectively one of the few pos-
sible three-dimensional generalisations of the standard
one-dimensional diatomic chain [41]. The cubic structure
of ScF3 is exceptionally stable. In particular, unlike other
3d transition metal trifluorides, at ambient pressure there
is no sign of a phase transition to a rhombohedral struc-
ture down to 0.4 K [42], suggesting that the system is
near a quantum phase transition [43]. On the other hand,
the rhombohedral phase can be stabilised by an applied
pressure of 0.7 GPa at ambient temperature [44]. Because
of both the anomalous thermal expansion and the prox-
imity to a pressure-induced phase transition, one might
expect this material to be a strong candidate for pressure-
induced softening.
To explore the dynamics of the ScF3 structure, we
developed a deliberately very simple atomistic model,
with only a single bond-stretching interaction (Sc–F) and
two bond-bending interactions (Sc–F–Sc and F–Sc–F);
full details are given in the Supplementary Materials.
The parameters were tuned by comparing the predictions
with the results of ab initio calculations [35]. Molecular
3dynamics simulations using this model showed negative
thermal expansion, as expected (Figure S1).
We analysed the pressure dependence of the atomic
structure in the simulation over a wide range of temper-
atures, analysing the results using the standard third-
order Birch-Murnaghan equation of state:
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where P and V are the pressure and volume respectively,
and V0 and B0 are the values of V and B at zero pressure.
As an expansion of the second-order Birch-Murnaghan
equation of state, the third-order equation reduces to the
second-order form when B′ = +4, and many experimen-
tal systems actually have values of B′ of roughly this size.
Data for the functions V (P ) showing the fitted equation
of state are shown in Figure 2a, and the fitted results
for B0 and B
′ are shown in Figure 3. The temperature-
dependence of B′ is very similar to that seen in Zn(CN)2
and zeolites [9, 11, 45], with a rapid change in the value
of B′ on heating from zero temperature, until reaching
a minimum value (the most negative value) and then a
slow change to less negative values on further heating
[45]. What is astonishing is that our model for ScF3 pre-
dicts values of B′ as extreme as −25. As we noted above,
negative values of B′ are very rare; such a large negative
value due to a phonon mechanism is unprecedented, and
a comparable value is achieved by Ce only close to its
critical point.
To follow up this prediction we performed neutron
powder diffraction measurements of ScF3 under pressure
for different temperatures on the GEM diffractometer at
the ISIS spallation neutron facility. The diffraction pat-
terns were fitted using the Rietveld method to obtain
the lattice parameters and the atomic displacement pa-
rameters (all other aspects of the crystal structure are
established by symmetry). All details of the experimen-
tal and analysis methods are given in the Supplementary
Materials, with a representative fit to the data shown in
Figure S2.
The resultant experimental P (V ) for different temper-
atures were fitted by the third-order Birch-Murnaghan
equation of state and shown in Figure 2b. The fitted val-
ues of B0 and B
′ are shown in Figure 4. The astonishing
result is that the extraordinarily large negative values of
B′ predicted by simulation are not only reproduced but
are exceeded in the experimental results, with a greatest
negative value of B′ < −200. We checked the robustness
of this result by trimming the data range used in the fit-
ting, and obtained results each time that are consistent
within the estimated standard deviations. It might be
argued that the third-order Birch-Murnaghan equation
of state was not developed in anticipation of such large
negative values of B′, given that its derivation involves
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FIG. 2: P (V ) curves showing data from molecular
dynamics simulation (a) and diffraction experiment (b)
shown as filled circles, with the fitted third-order
Birch-Murnaghan equation of state (equation 1) shown
as curves.
a Taylor expansion. However, the facts that the function
fits the data to within the statistical accuracy, and that
the fitting gives consistently large values of B′ with rel-
atively small estimated standard errors, are quantitative
indications of the remarkable behaviour seen here.
Figure 5 shows the fitted values of the fluorine trans-
verse atomic displacement parameter – essentially the
mean-square atomic displacement – as functions of pres-
sure for different temperatures. This corresponds to the
large transverse axis of the ellipsoids shown in the crys-
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FIG. 3: Temperature dependence of B0 (a) and B
′ (b)
obtained from fitting the third-order Birch-Murnaghan
equation of state to crystal volume obtained from
molecular dynamics simulation of our idealised model
for ScF3. The actual fitting is shown in Figure 2a
.
tal structure, Figure 1(c). At low pressure this quantity
increases linearly with temperature as expected if the dis-
placements are associated with thermal motions (Figure
S7). Consistent with the ideas presented here, the data
presented in Figure 5 show that the mean-square ampli-
tude of transverse motion of the fluorine atoms increases
with pressure. On the other hand, in most materials the
phonon frequencies increase under pressure due to force
constants increasing, and higher frequencies lead to lower
mean-square amplitudes of thermal motion. The behav-
ior shown in Figure 5 is consistent with enhanced rota-
tions of the Sc–F bonds on increasing pressure. By con-
trast, the mean-square amplitudes of the other motions
(isotropic motion of the Sc atom, longitudinal motion of
the F atom) show no pressure dependence (Figure S8).
These results are reproduced in the results of the molec-
ular simulations on the simple model (Figure S5).
To explain why the pressure-induced softening of ScF3
50 100 150 200 250
Temperature (K)
50
55
60
65
70
75
80
85
90
B
0 
(G
P
a)
(a)
50 100 150 200 250
Temperature (K)
-250
-200
-150
-100
-50
0
B
'
(b)
FIG. 4: Temperature dependence of B0 (a) and B
′ (b)
obtained from fitting the third-order Birch-Murnaghan
equation of state to experimental data for the crystal
volume as obtained from Rietveld analysis of diffraction
data. The fitting is shown in Figure 2b.
is so extreme, we consider our simple potential model.
Recall that this has a stiff Sc–F bond, and two terms
that control the flexing of the F–Sc–F right angle in
the ScF6 octahedron and of the linear Sc–F–Sc angle.
Our recent total scattering study of ScF6 [18] shows that
there is considerable flexing of both these angles as com-
pared with corresponding motions in other perovskites.
The fact that NTE is largely absent in oxide perovskites
suggests that this higher level of flexibility is essential for
the mechanism of NTE, and by extension to the enhanced
pressure-induced softening seen in ScF3. To confirm this,
in separate simulations we increased the parameters gov-
erning each angle term to increase the forces opposing
bending. We found that increasing either of these pa-
rameters leads to a clear reduction in NTE, indeed turn-
ing the thermal expansion into positive expansivity. The
effect is strongest from the F–Sc–F angle term, where
increasing the value of the force constant by a factor of
only 3.3 is sufficient to drive the thermal expansivity to
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FIG. 5: Mean-squared transverse displacement of the F
atoms obtained from refinement of the crystal structure.
a positive value [18]. Our simulations show further that
the same changes in the model parameters will reduce
the negative size of B′. This confirms that the enhanced
pressure-induced softening in ScF3 is associated with the
high degree of angular flexibility found in this material.
Such large negative values ofB′ as seen in this study for
ScF3 are extraordinary: substantially greater than those
for Ce metal, and greater still compared to other exam-
ples that arise from a vibrational rather than electronic
mechanism. Zn(CN)2, for example, only has B
′ down to
values of −9.0±0.7 [9]. The values of B′ seen in this study
(Figure 4) are so far outside the norm that it seems ap-
propriate to recognise this by calling the effect “colossal
pressure-induced softening”. [46]
Because of the link we have demonstrated between
anomalous thermodynamic properties, the same crystal-
engineering techniques used to design negative thermal
expansion materials will be useful in discovering ad-
ditional colossal pressure-induced softening materials.
From a technological perspective, pressure-induced soft-
ening is particularly relevant to composite materials,
where internal stress will be induced by differing ther-
mal expansivities. By showing how extraordinarily large
such effects can be, our results emphasise the importance
of taking them into account when designing such com-
posites. But we anticipate that colossal pressure-induced
softening will also be a powerful tool that can be used
to deliberately tune the thermodynamic behaviour and
physical properties of materials.
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